When a eukaryotic cell is stimulated by a growth factor or chemoattractant, a common response is the formation of sheet-like extensions of the cell's plasma membrane, known as lamellipodia. This physical process of extension is driven by the polymerization of actin, a dynamic polymer that turns over rapidly inside the cell. Various proteins have been shown, in experiments where they are overexpressed in or removed from a cell, to affect lamellipodia formation and actin dynamics, but the links in the chain that connects incoming signals to the effector proteins have until recently been obscure.
The small GTPases Cdc42 and Rac have been implicated in this pathway by the effects of expressing mutant forms of the proteins in cells: constitutively active forms of the proteins induce actin polymerization, whereas dominant-negative forms inhibit agonist-induced actin polymerization. Now, members of the Wiskott-Aldrich syndrome protein (WASP) family have been shown to link these GTPases with the so-called 'Arp2/3 complex', which directly initiates and/or organizes actin polymerization [1] . This discovery significantly advances our understanding of induced cell locomotion and suggests a function for the WASP family proteins.
The Arp2/3 complex
The Arp2/3 complex consists of seven proteins: two 'actinrelated proteins', Arp2 and Arp3, and five 'Arp complex' (Arc) proteins, which in human cells have molecular weights of 41, 34, 21, 20 and 16 kDa [1] . In all cells that have been examined, the Arp2/3 complex localizes where polymerized actin -known as F actin to distinguish it from monomeric G actin -is in a dynamic state. Thus, the Arp2/3 complex is abundant in the lamellipodia of locomoting cells, but not in stress fibers or attachment plaques. It is present in the F actin tails of the motile intracellular pathogen Listeria, and in yeast it localizes to cortical actin patches but not to the actin cables.
Insight into the function of the Arp2/3 complex has come from genetic studies with the budding yeast Saccharomyces cerevisiae and also from biochemical studies using in vitro assays. In yeast, the Arp2/3 complex is required for the assembly and/or organization of actin patches and for endocytosis [2] , as conditional inactivation of ARP2 or ARP3 disrupts the patches and endocytosis [3, 4] . In vitro, the Arp2/3 complex nucleates new actin filaments [5] and this nucleating activity is dramatically enhanced by the Listeria protein ActA [6] . The interaction between ActA and the Arp2/3 complex is believed to initiate the actin polymerization that propels Listeria through the cytoplasm. A cellular protein with ActA-like activity is yet to be identified.
Using the yeast two-hybrid assay for protein-protein interactions, Machesky and Insall [1] have now shown that Arc21 of the Arp2/3 complex interacts with a recently discovered protein named Scar1 or WAVE ( Figure 1 ) [7, 8] . WASP and Scar1/WAVE were subsequently shown to bind to the intact Arp2/3 complex in in vitro assays; the binding was found to depend on the carboxyl terminus of the WASP family protein, which contains a cofilin homology domain flanked by a highly acidic domain [1] . Protein fragments carrying this carboxyl terminus, when overexpressed in cells, were seen to disrupt the lamellar localization of both F actin and Arp2/3 [1] .
The WASP family
In humans, the WASP family of proteins includes WASP itself, of course, and several isoforms of N-WASP and Scar1/WAVE [7, 8] (Figure 1 ). In yeast, the WASP homolog is a protein known alternatively as Bee1 or Las17 [9] . WASP, which as its name implies is the mutated protein in Wiskott-Aldrich syndrome, is produced only in hematopoietic cells, but the closely related N-WASP is widely distributed. WASP and N-WASP both contain a consensus sequence -known as a GBD or CRIB domain -for binding GTPases of the Rho family. These sites both preferentially bind GTP-Cdc42; they also bind GTP-Rac, but less well, and do not bind Rho at all. No recognizable GBD is present in Scar1/WAVE or Bee1/Las17.
Common to all members of the WASP family is a polyproline-rich region, which binds to the G-actinbinding protein profilin and also to various proteins that have a Src homology 3 (SH3) domain. Other notable parts of the protein sequence include a verprolin homology domain, which binds G-actin, and a cofilin homology region [1] . (Interestingly, the amino-terminal region of ActA, which activates nucleation by Arp2/3, also has a cofilin homology domain.) In all WASP family proteins characterized so far, these domains are bracketed on the amino-terminal side by a basic domain and on the carboxy-terminal side by an acidic domain.
The functions of the WASP proteins have been examined by mutation and overexpression in transfected cells. Cytoskeletal defects are observed in cells from Wiskott-Aldrich syndrome patients, which as indicated earlier carry mutations in the prototypical WASP. These include a reduced number of microvilli, cortical disorganization and defects of cell migration [10] . These defects often are minor but they can be severe with particular mutations, such as those in the cofilin homology domain. When WASP is overexpressed in fibroblasts, which normally lack the protein, it induces and colocalizes with abnormal aggregates of F actin [10] . To form these aggregates, the form of WASP that is overexpressed has to include the protein's carboxy-terminal 59 amino acids.
In the case of N-WASP, simple overexpression of the protein has little effect on cells; but when combined with active Cdc42, N-WASP overexpression enhances the induction of filopodia [11] . That N-WASP has a role in filopodia formation is supported by the observation that these membranous cellular extensions are induced by a mutant form of Cdc42 that can bind N-WASP but not WASP. N-WASP has also been shown to be required for the actin-based cytoplasmic motility of the intracellular pathogen Shigella [12] ; it binds, via its verprolin-homology domain, to VirG, the sole Shigella protein required for its intracellular motility. N-WASP's ability to facilitate actin polymerization is blocked by a deletion of four amino acids in the cofilin homology domain.
Sequences coding for Scar1/WAVE are present in the genomes of humans, the mouse, the nematode Caenorhabditis elegans, the fruitfly Drosophila and the cellular slime mold Dictyostelium, but not that of the yeast S. cerevisiae. In vertebrate cells, Scar1/WAVE overexpression induces clustered actin filaments that contain Scar1/WAVE protein [8] . Scar1/WAVE apparently acts downstream of Rac, because constitutively active Rac stimulates endogenous Scar1/WAVE to enter the induced membrane ruffles, and because expression of a mutant form of Scar1/WAVE lacking its verprolin domain inhibits Rac-induced ruffling. Direct binding of Rac to Scar1/WAVE has not yet been detected, however.
In Dictyostelium, mutation of Scar1/WAVE suppresses a developmental phenotype caused by a loss of the cAMP receptor cAR2, which is required for development but not chemotaxis [7] . This suggests that Scar1/WAVE negatively regulates the signaling pathway activated by the receptor cAR2. But Scar1/WAVE seems to function in other pathways as well, as its effects precede the appearance of cAR2. Deletion of the Scar gene in Dictyostelium provokes cytoskeletal defects that cause suspensiongrown cells to be abnormally small and cells migrating on substratum have an abnormally low ration of F:G actin. The Scar-deficient cells still aggregate by moving in streams toward chemotactic foci, but the individual cells move poorly and show poor chemotaxis (J. Steiner and C.L. Saxe, personal communication).
In S. cerevisiae, another WASP-related protein Beel/Las17, localizes with the Arp2/3 complex to cortical actin patches [9] . Bee1/Las17 appears to interact functionally with the Arp2/3 complex, as BEE1/LAS17 overexpression can suppress certain temperature-sensitive arp2 mutations [13] . Beel/Las17 seems to be required for the assembly and/or organization of the cortical patches, as deletion of the BEE1/LAS17 gene disrupts and/or disorganizes the cortical patches [9, 14] . Lastly, in in vitro reconstituted systems, Bee1/Las17 stimulates actin polymerization in the cell cortex [9, 15] . As Cdc42 is required for the organization of cortical patches in yeast [16] , Bee1/Las17 may interact with this GTPase.
Despite evidence from many systems, the precise cytoskeletal function of WASP in mammalian cells remains uncertain. Indeed, the primary symptoms exhibited by Wiskott-Aldrich syndrome patients are thrombocytopenia -as a result of increased platelet destruction -and defective T-cell function [10] . The cytoskeletal phenotype is mild; neutrophil chemotaxis, for example, appears to be normal, presumably because other proteins have overlapping functions with WASP. The Wiskott-Aldrich syndrome phenotype hints that factors signaling to the cytoskeleton are more redundant than those signaling to T-cell differentiation. Despite redundancy, overexpression of WASP can have a dominant effect by depleting a component needed by several members of a particular family. Overexpression can also disrupt multiprotein complexes, much as excess antigen prevents precipitation by its antibody, by saturating individual components of the complex. But as overexpression can also cause non-physiological interactions, such as the formation of unusual actin aggregates, overexpression phenotypes must be interpreted with caution.
Links to the signaling pathway
How does a cell initiate actin polymerization? Activation of Cdc42 by GTP binding would be recognized by WASP and N-WASP, as both interact selectively with the GTPbound form of Cdc42 (Figure 2 ). Binding to Cdc42 blocks N-WASP's carboxy-terminal acidic domain from binding to its basic domain [11] ; Cdc42 could thus free the acidic tail of N-WASP to bind the Arc21 component of Arp2/3 complexes. Interestingly, all members of the WASP family contain these acidic and basic domains, so while Bee1/Las17 and Scar1/WAVE may not bind directly to Rho GTPases, they may also be activated in this way.
In conclusion, the recent work of Machesky 
